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HIGHLIGHTS 


►  Yttria-stabilized  zirconia  (YSZ)  electrolyte  is  made  with  suspension  plasma  spray. 

►  Residual  stresses  are  evaluated  via  high-temperature  X-ray  diffractometry. 

►  Residual  stresses  in  YSZ  electrolyte  layers  are  identified  to  be  tensile  in  nature. 

►  With  increasing  temperature  the  residual  stresses  are  observed  to  decrease. 

►  Torch  power  and  stand-off  distance  have  a  strong  effect  on  the  residual  stresses. 
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Solid  oxide  fuel  cells  (SOFCs)  efficiently  convert  chemical  energy  into  electrical  energy  with  fuel  flexi¬ 
bility  and  low  emissions.  Plasma  spraying  has  emerged  as  a  fabrication  technique  for  metal-supported 
SOFCs.  Residual  stresses  in  suspension  plasma  sprayed  (SPS)  yttria-stabilized  zirconia  (YSZ)  electro¬ 
lytes  fabricated  with  various  processing  parameters  and  substrates  were  analyzed  by  X-ray  diffraction. 
The  temperature  dependence  of  the  residual  stresses  was  also  evaluated.  The  electrolyte  residual  stresses 
varied  with  both  processing  conditions  and  substrate  characteristics,  and  ranged  from  35  to  91  MPa.  The 
change  in  stresses  agreed  well  with  the  observed  microstructural  changes  arising  from  the  use  of 
different  processing  conditions  and  substrates.  The  electrolytes  fabricated  using  torch  power  and  stand¬ 
off  distance  of  133  kW  and  90  mm  exhibited  the  highest  residual  stress  due  to  the  their  relatively  dense 
microstructure  with  low  level  of  vertical  cracking  compared  to  electrolytes  made  with  the  other  spray 
conditions.  As  these  electrolytes  were  heated  from  room  temperature  to  750  °C,  residual  stresses 
decreased  from  91  to  39  MPa.  The  decrease  is  due  to  changes  in  Young’s  modulus  and  to  thermal 
expansion  mismatch  between  the  layers,  and  possibly  also  due  to  the  formation  of  additional  micro¬ 
cracks  or  creep  of  the  porous  stainless  steel  substrate. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Extensive  efforts  to  develop  low-cost  and  reliable  solid  oxide 
fuel  cells  (SOFCs)  for  power  generation  and  transportation  appli¬ 
cations  are  motivated  by  the  pressing  need  for  improved  fuel  effi¬ 
ciency,  reduced  anthropogenic  greenhouse  gas  emissions,  and 
enhanced  energy  security  [1-6].  Currently,  high  material  and 
production  costs  and  poor  durability  are  key  barriers  to  the  wide¬ 
spread  commercialization  of  SOFCs  [3,7,8].  One  potential  approach 
to  reduce  material  costs  and  improve  durability  is  to  use  a  metal- 
supported  cell  structure  based  upon  relatively  inexpensive  stain¬ 
less  steels  [9,10].  The  inclusion  of  stainless  steels  necessitates  the 
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use  of  intermediate  operating  temperatures  (650-800  °C),  but 
their  high  electrical  and  thermal  conductivity,  superior  toughness 
and  thermal  shock  resistance,  and  good  workability  are  highly 
attractive  attributes  for  SOFCs  [11].  Thus,  metal-supported  SOFCs 
have  recently  received  considerable  attention  [12-15]. 

When  fabricating  conventional  anode-supported  SOFCs,  the 
electrolyte  and  electrode  functional  layers  are  typically  deposited 
as  wet  ceramic  powder  slurries,  which  are  then  solidified  by  sin¬ 
tering  at  high  temperatures.  It  is  difficult  to  apply  these  wet 
ceramic  fabrication  methods  to  metal-supported  SOFCs  because 
the  electrolyte  sintering  process  could  rapidly  oxidize  or  densify 
the  porous  stainless  steel  supports.  Alternatively,  direct  deposition 
fabrication  methods  such  as  plasma  spraying  may  be  better  suited 
for  the  production  of  the  functional  layers  in  metal-supported 
SOFCs. 
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In  plasma  spraying,  feedstock  powders  are  melted  and  acceler¬ 
ated  by  a  plasma  jet  toward  a  substrate.  Upon  impact  with  the 
substrate,  the  molten  particles  flatten  and  solidify  to  form  splats, 
which  accumulate  to  form  coating  layers  [16,17].  This  process 
readily  permits  deposition  of  ceramic  coatings  on  metallic  supports 
without  additional  post-deposition  heat  treatment.  As  a  rapid 
deposition  process,  plasma  spraying  could  also  reduce 
manufacturing  costs,  especially  at  low  and  intermediate  volumes, 
compared  to  more  time-consuming  wet  ceramic  methods. 
Suspension  plasma  spraying  (SPS)  is  a  modification  of  the  tradi¬ 
tional  plasma  spray  process  in  which  the  feedstock  powders  are 
suspended  in  liquid  for  feeding  to  the  plasma  rather  than  being  fed 
as  dry  powders  with  the  use  of  carrier  gas.  The  suspension  permits 
the  use  of  smaller  feedstock  powders,  so  SPS  could  potentially  be 
used  to  produce  thinner  coating  layers  and  more  refined  micro- 
structural  features  [18].  This  study  is  focused  on  the  electrolyte 
layer,  which  is  made  of  8  mol%  yttria-stabilized  zirconia  (YSZ),  and 
should  be  thin,  dense,  and  gas-tight  for  good  performance.  As  such, 
deposition  of  the  electrolyte  by  SPS  has  been  the  subject  of 
a  number  of  studies  [18,19]. 

One  characteristic  of  plasma  sprayed  coatings  is  the  presence  of 
residual  stresses,  which  originate  from  the  large  thermal  gradients 
experienced  during  the  deposition  process.  The  residual  stresses  in 
plasma  sprayed  coatings  can  be  sub-divided  into  two  main 
contributions:  quenching  stress  or  primary  stress,  and  thermal 
mismatch  stress  or  secondary  stress.  The  quenching  stress  arises  as 
individual  splats  rapidly  solidify  and  cool  from  a  molten  state  to  the 
substrate  temperature,  while  their  contraction  is  restricted  by 
adhesion  to  the  substrate.  These  quenching  stresses  are  always 
tensile.  Thermal  mismatch  stress  develops  during  post-deposition 
cooling  to  room  temperature  due  to  the  difference  in  the  coeffi¬ 
cients  of  thermal  expansion  (CTEs)  between  coating  layers  and 
substrate  [20].  Thermal  mismatch  stress  can  be  either  tensile  or 
compressive,  depending  on  the  relative  values  of  the  CTEs  of  the 
coating  layers  and  substrate.  In  service,  the  applied  stresses  are 
superimposed  on  the  residual  stresses,  which  could  increase  or 
decrease  the  total  stress,  depending  on  the  respective  signs  of  each 
stress  component.  These  stresses  could  increase  the  number  and 
size  of  cracks  in  the  electrolyte,  which  would  reduce  cell  perfor¬ 
mance  and  could  lead  to  catastrophic  failure  of  the  cell.  Therefore, 
understanding  the  residual  stresses  arising  from  different  pro¬ 
cessing  conditions  can  provide  useful  insight  into  the  mechanical 
integrity  of  the  electrolyte  prior  to  cell  operation.  Understanding 
residual  stress  may  also  provide  useful  insight  toward  modification 
of  the  spray  process  or  cell  design.  For  instance,  the  substrate 
temperature  during  spraying  could  be  varied  to  alter  quenching  or 
thermal  mismatch  stresses,  or  the  composition  of  the  stainless  steel 
support  may  be  adjusted  to  change  its  thermal  expansion  behavior. 

Since  metal-supported  SOFCs  are  operated  in  the  650-800  °C 
range,  it  is  also  of  interest  to  ascertain  residual  stress  values  at 
these  elevated  temperatures  in  addition  to  at  room  temperature. 
Residual  stress  values  at  room  and  elevated  temperatures  in  YSZ 
electrolytes  in  anode-supported  or  cathode-supported  planar 
SOFCs  fabricated  by  other  processes  have  been  previously  reported 
[21-23].  However,  to  the  authors’  knowledge,  no  studies  on  the 
residual  stresses  in  metal-supported  planar  SOFCs  made  by  plasma 
spraying  have  been  reported.  The  objective  of  the  present  study  is, 
therefore,  to  identify  the  residual  stresses  of  SPS  YSZ  electrolytes  at 
room  and  elevated  temperatures.  The  electrolytes  were  deposited 
on  two  types  of  substrates,  one  consisting  of  SOFC  cathode  layers  on 
porous  430  stainless  steel  supports,  and  the  other  consisting  of  only 
the  porous  430  stainless  steel  supports.  Electrolytes  made  from 
various  sets  of  spray  parameters  having  a  wide  range  of  micro- 
structural  characteristics  were  tested  to  determine  the  effect  of 
process  conditions  on  residual  stresses. 


2.  Experimental  procedure 

2.2.  Plasma  spray  processing 

The  YSZ  electrolyte  coatings  were  deposited  by  SPS  with  an 
Axial  III  torch  (Northwest  Mettech  Corp.,  North  Vancouver,  BC, 
Canada).  Five  different  spray  conditions,  shown  in  Table  1,  were 
selected.  For  all  the  spray  conditions,  an  aqueous  feedstock 
suspension  of  8  mol%  YSZ  powder  with  a  dso  of  approximately 
2.6  pm  (Inframat  Corp.,  Manchester,  CT)  was  fed  to  the  torch  at 
a  rate  of  21  ml  min-1.  The  solid  content  of  the  suspension  was 
3  vol.%  and  polyethyleneimine  was  added  as  a  dispersant.  The 
suspension  was  injected  axially  into  the  plasma  through  a  0.84  mm 
ID  syringe  type  injector,  and  30  slpm  N2  was  used  as  an  atomizing 
gas.  The  substrates  were  preheated  to  ensure  that  their  tempera¬ 
tures  were  at  least  300  °C  for  the  entire  spray  run,  though 
depending  on  the  spray  conditions,  peak  substrate  surface 
temperatures  ranged  from  430  to  770  °C.  It  was  not  possible  to 
control  substrate  temperatures  more  precisely.  The  targeted 
thickness  for  all  coatings  was  50  pm,  but  the  thickness  of  individual 
coatings  ranged  from  45  to  51  pm,  except  for  the  coatings  fabricated 
using  the  G3  spray  conditions,  which  had  thicknesses  of  approxi¬ 
mately  71  pm. 

The  electrolytes  were  deposited  on  two  substrates.  The  LSM/ 
YSZ  +  MG  2  substrates  consisted  of  SOFC  cathode  layers  on  porous 
430  stainless  steel  discs  (Mott  Corp.,  Farmington,  CT)  having 
a  diameter  of  25.4  mm  and  thickness  of  approximately  1.6  mm.  The 
pore  structure  was  designated  as  media  grade  (MG)  2,  which 
indicates  that  only  particles  smaller  than  2  pm  should  penetrate 
through  the  pore  network  if  the  discs  were  to  be  used  as  filters.  The 
cathodes  consisted  of  a  composite  of  lanthanum  strontium 
manganite  (LSM)  and  YSZ  and  were  previously  deposited  by  plasma 
spraying,  as  described  elsewhere  [18].  The  cathodes  had  an  average 
thickness  of  approximately  40  pm.  The  electrolyte-cathode-support 
structure  is  often  referred  to  as  an  SOFC  “half  cell”.  An  SEM  image  of 
a  cross-section  of  a  sample  half  cell  is  shown  in  Fig.  1.  The  second 
substrates  were  simply  porous  430  stainless  steel  discs  (Mott  Corp.) 
having  a  relatively  fine  MG  0.2  pore  structure. 

2.2.  X-ray  diffraction  measurements 

Residual  stresses  in  the  electrolytes  were  measured  using  X-ray 
diffraction  (XRD).  The  residual  stresses  in  electrolytes  made  with  all 
5  spray  conditions  on  both  substrates  were  measured  at  room 
temperature.  Residual  stresses  in  an  electrolyte  made  with  the  G2 
spray  condition,  which  had  a  torch  power  of  133  kW  and  a  stand-off 


Table  1 

Suspension  plasma  spray  parameters  used  to  deposit  the  YSZ  electrolyte  layers. 


Identifier 

G1 

G2a 

G3 

G4 

G5 

Torch  power, 

133 

133 

133 

100 

162 

kW 

Stand-off 

70 

90 

120 

90 

90 

distance,  mm 

Plasma  gas 

275 

275 

275 

275 

275 

flow  rate, 
slpm 

Ar  (%) 

30 

30 

30 

74 

25 

n2  TO 

65 

65 

65 

21 

70 

h2  (%) 

5 

5 

5 

5 

5 

Current,  A 

600 

600 

600 

600 

750 

Nozzle,  mm 
Substrate 

9.5  (3/8")  9.5  (3/8")  9.5  (3/8") 

LSM/YSZ  +  MG  2/MG  0.2 

9.5  (3/8") 

9.5  (3/8") 

a  Indicates  the  condition  used  to  fabricate  the  electrolytes  tested  at  elevated 
temperatures. 
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Fig.  1.  An  SEM  image  of  a  cross-section  of  a  sample  SOFC  half-cell,  in  which  the  YSZ 
electrolyte  was  deposited  on  the  LSM/YSZ  +  MG  2  substrate  using  the  G2  spray 
condition. 

distance  of  90  mm,  on  the  LSM/YSZ  +  MG  2  substrate  were  also 
measured  at  elevated  temperatures  up  to  750  °C. 

Among  the  various  methods  available  for  residual  stress 
measurement,  XRD  is  a  powerful  method  due  to  its  non-destructive 
nature.  It  can  also  be  used  to  distinguish  stresses  in  different  pha¬ 
ses.  The  residual  stresses  in  the  electrolytes  were  determined  as 
a  function  of  temperature  using  a  high-temperature  X-ray  diffrac¬ 
tometer.  In  measuring  the  residual  stress  using  XRD,  the  strain  in 
the  crystal  lattice  is  determined  from  the  change  in  interplanar 
spacing.  The  associated  residual  stress  is  determined  using  the 
elastic  constant  of  the  coating  material,  assuming  a  linear  elastic 
distortion  of  the  crystal  lattice  planes. 

Fig.  2  shows  a  sample  coordinate  system  used  for  the  strain 
determination.  o\,  02,  and  (73  are  the  principal  stresses  acting  in  the 
principal  directions,  cp  is  the  rotation  angle  around  the  sample 
normal,  \p  is  the  angle  between  the  sample  normal  and  the  normal 
of  the  diffracting  plane,  is  the  strain  in  the  direction  of 
measurement  defined  by  the  angles  cp  and  ;//,  and  a \p  is  the  single 
stress  acting  in  a  chosen  direction,  i.e.,  at  an  angle  cp  to  o\.  It  was 
assumed  that  (73  =  0  because  the  measurement  was  made  near  the 
surface  of  the  thin  coating.  The  commonly  used  sin 2\\j  method  has 
been  adopted  for  the  residual  stress  measurement  in  the  present 
study.  Details  of  the  sin2^  method  have  been  described  elsewhere 


Fig.  2.  Schematic  diagram  showing  the  coordinate  system  used  to  determine  the  strain 
using  XRD. 


[24,25].  The  configuration  for  the  diffraction  measurement  and 
stress  analysis  is  schematically  shown  in  Fig.  3,  where  the  three 
sample  rotation  angles  to,  cp  and  \j/  are  indicated.  The  measurement 
of  residual  stresses  with  the  sin2;/7  method  requires  at  least  V7  tilt 
[26].  This  \j/  tilt  can  be  achieved  by  w-rotation  (iso-inclination)  or  \jy- 
rotation  (side-inclination),  as  shown  in  Fig.  3.  In  this  study,  the  side- 
inclination  method  (^-method)  was  used.  In  this  case,  the  sample 
normal  (S3)  is  out  of  the  diffractometer  plane  (a  plane  containing 
the  X-ray  incident  beam  and  diffracted  beam)  for  all  non-zero  V7  tilt 
angles. 

The  residual  stress  analysis  was  performed  using  a  Panalytical 
X’Pert  PRO  MRD  (Panalytical  B.V.,  Almelo,  Netherlands)  high- 
resolution  X-ray  diffractometer,  which  is  equipped  with  a  high 
temperature  stage  reaching  up  to  1100  °C  in  conjunction  with 
a  vacuum  system  using  Cu-Ka  radiation.  An  initial  scan  was  per¬ 
formed  with  the  diffraction  angle  20  ranging  from  10  to  150°  to 
identify  the  diffraction  peaks.  A  diffraction  peak  having  a  20  angle 
greater  than  120°  is  usually  recommended  for  residual  stress 
evaluation  due  to  its  greater  sensitivity  to  variation  in  the  d-values 
according  to  Bragg’s  law  [27],  where  d  is  the  interplanar  spacing. 
Therefore,  a  diffraction  peak  at  20=125.2°  was  selected  for  the 
residual  stress  determination  based  on  the  pre-scan  diffraction 
pattern  of  the  coating.  The  XRD  spectra  surrounding  this  peak  were 
scanned  from  V7  =  -40°  to  V7  =  +40°  in  9  steps  at  each  temperature. 
For  the  coatings  tested  at  elevated  temperatures,  the  sample  stage 
was  heated  from  room  temperature  to  750  °C  in  steps  of  250  °C.  At 
each  temperature,  the  sample  was  held  a  minimum  of  15  min  prior 
to  measurement  to  allow  the  sample  to  reach  thermal  equilibrium. 
X’pert  Data  Collector  software  (Panalytical  B.V.)  was  used  to  coor¬ 
dinate  the  movements  of  the  X-ray  source,  detector,  and  sample 
stage,  and  to  automate  the  measurement  and  data  collection 
processes.  The  analysis  of  the  measured  data  was  performed  using 
X’pert  Stress  software  (Panalytical  B.V.).  The  peak  profile  was 
evaluated  using  the  constant  +  range  background  correction 
method  and  fitted  with  a  parabolic  function  to  identify  the  center 
position  of  the  peak  [28]. 

It  should  be  noted  that  coating  roughness  must  be  considered 
when  evaluating  residual  stress  by  XRD  methods.  For  roughness  to 
be  insignificant,  the  average  roughness  (Ra)  should  be  small  in 
comparison  to  the  mean  X-ray  penetration  depth  (10.3)  at  a  tilt 
angle  corresponding  to  sin2^  =  0.3  [28].  Otherwise,  stress  relaxa¬ 
tion  in  surface  asperities  can  contribute  to  a  lower  value  of 
measured  residual  stress.  However,  surface  modification  tech¬ 
niques  that  decrease  roughness,  such  as  grinding  and  polishing, 


Fig.  3.  Schematic  view  showing  \p  tilt  by  iso-inclination  (w-rotation)  or  side-inclination 
(f- rotation). 
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should  be  avoided  because  they  can  alter  the  stress  state  to 
a  significant  extent.  The  mean  X-ray  penetration  can  be  calculated 
using  the  following  equation  [26], 


t0.3 


sin  0  cos  f  ln(l  -  GT) 
2/x 


(i) 


where  t0.3  is  the  mean  penetration  depth,  jl  is  the  linear  absorption 
coefficient,  and  Gr  is  the  fraction  of  the  total  diffraction  intensity 
contributed  by  the  surface  layer  of  thickness  T.  A  Gj  value  of  0.99 
was  previously  calculated  using  Bragg-Brentano  geometry  for  an 
electrolyte  with  thickness  of  45  pm  [29].  In  the  present  study,  the 
calculated  mean  X-ray  penetration  depth  was  27  pm,  based  on 
a  wavelength  of  A  =  1.5406  A  and  a  bulk  density  of  5.96  g  cm-3  of 
YSZ  [30],  which  is  higher  than  the  measured  Ra  of  approximately 
8  pm  for  electrolytes  on  the  LSM/YSZ  +  MG  2  substrates.  The 
electrolytes  on  the  MG  0.2  substrates  had  even  lower  roughness. 
Therefore,  the  effect  of  coating  roughness  on  the  residual  stress  was 
not  considered. 


Fig.  5.  XRD  patterns  of  the  (531)  plane  diffraction  peak  of  a  sample  YSZ  electrolyte 
fabricated  on  the  LSM/YSZ  +  MG  2  substrate  using  the  G2  spray  condition  with 
changing  f  at  room  temperature. 


2.3.  Microstructural  analysis 

To  examine  coating  microstructures,  the  samples  were  mounted 
in  epoxy,  sectioned  using  a  diamond  saw,  re-mounted  in  epoxy,  and 
then  polished  using  standard  metallographic  methods.  The  pol¬ 
ished  samples  were  examined  with  a  scanning  electron  microscope 
(SEM)  (JSM-6380LV,  JEOL  Co.  Ltd.,  Akishima,  Japan).  The  thick¬ 
nesses  of  the  electrolyte  layers  were  calculated  from  the  coating 
weights  and  adjusted  by  multiplying  by  a  thickness-to-weight  gain 
ratio  determined  from  image  analysis  of  selected  coatings. 

3.  Results  and  discussion 

3.1.  X-ray  diffraction  and  sin2f  measurements 

Fig.  4  shows  a  typical  XRD  pattern  from  an  initial  scan  over  the 
electrolyte  on  the  LSM/YSZ  +  MG  2  substrate  at  room  temperature. 
The  arrow  indicates  the  (531)  diffraction  peak  positioned  at  a  20 
angle  of  125.2°  that  was  selected  for  the  residual  stress  measure¬ 
ments.  All  the  peaks  in  the  diffraction  pattern  correspond  to  those 
of  cubic  YSZ,  and  there  are  no  peaks  from  LSM  in  the  cathode  layer 
or  from  stainless  steel  in  the  porous  metal  support  (Fig.  1).  The 
phase  diagram  of  8  mol%  YSZ  indicates  that  this  cubic  structure 
remains  stable  at  SOFC  operating  temperatures  of  650-800  °C  [31  ]. 

Fig.  5  shows  the  change  of  the  diffraction  peak  of  the  selected 
(531 )  plane  with  the  tilt  of  f.  The  (531 )  peak  position  shifts  to  lower 
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Fig.  4.  X-ray  diffraction  pattern  for  a  sample  YSZ  electrolyte  at  room  temperature 
fabricated  on  the  LSM/YSZ  +  MG  2  substrate  using  the  G2  spray  condition. 


angles  with  increasing  f,  indicating  that  the  interplanar  spacing  (d) 
increases.  This  behavior  suggests  that  the  residual  stress  in  the 
surface  layer  is  tensile  in  nature.  Fig.  6  shows  a  typical  r-sm2f 
diagram  for  the  (531)  diffraction  plane  of  the  electrolyte  on  the 
LSM/YSZ  +  MG  2  substrate  at  room  temperature.  The  diamonds 
indicate  negative  f  tilt  and  the  triangles  indicate  positive  and  zero 
f  tilt.  The  solid  line  represents  the  linear  least-squares  fitting  to 
both  sets  of  data  points.  Although  the  data  are  slightly  scattered, 
the  lattice  strain  e  increases  approximately  linearly  with  increasing 
sin2^.  Residual  stress  can  therefore  be  estimated  from  the  slope  of 
the  r-sin2^  best  fitting  line.  In  the  stress  measurement  by  XRD,  the 
stress  in  the  YSZ  layer  can  be  estimated  using  the  diffraction  from 
a  specified  diffracting  plane  ((531)  in  this  study)  of  crystallites  that 
are  oriented  in  the  specified  direction.  Therefore,  the  elastic 
constant  and  Young’s  modulus  (F)  and  Poisson’s  ratio  (v)  are 
different  from  those  measured  by  mechanical  methods,  and  these 
elastic  constants  should  be  measured  by  the  XRD  method  [32]. 
However,  there  are  no  data  available  in  the  open  literature  for  X-ray 
elastic  constants  measured  by  the  XRD  method  for  the  YSZ  (531) 
plane.  Sattonnay  et  al.  [33]  derived  the  room  temperature  elastic 
constants  £(531)  and  ^(531)  of  YSZ  using  the  Hill-Neerfeld  model  [34] 
and  using  reported  single  crystal  elastic  constants  for  cubic  YSZ 
[35].  Normally  the  Hill-Neerfeld  model  best  matches  the  experi¬ 
mentally  determined  elastic  constant;  therefore,  these  values  were 
used  in  the  present  analysis.  Since  £(531)  at  elevated  temperatures 


Fig.  6.  Typical  c-sin2i p  diagram  for  the  (531)  diffraction  plane  of  the  YSZ  electrolyte 
determined  at  room  temperature,  where  the  solid  line  represents  the  linear  least 
squares  fitting. 
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was  not  available,  it  was  assumed  that  the  temperature-dependent 
behavior  of  £(531)  follows  the  same  trend  as  that  of  the  bulk  E  as 
a  function  of  temperature,  as  determined  by  Huang  and  Harter  [23] 
via  a  linear  least  squares  fitting.  The  £(531)  and  1/(531)  values  used  in 
this  study  are  given  in  Table  2. 

3.2.  Influence  of  torch  power  and  stand-off  distance  on  residual 
stress 

Residual  stresses  in  plasma  sprayed  coatings  are  known  to  vary 
significantly  with  deposition  conditions.  Torch  power  and  stand-off 
distance  are  two  key  factors  in  controlling  the  performance  and 
stress  state  of  coatings.  Therefore,  the  residual  stresses  were  eval¬ 
uated  with  the  various  torch  powers  and  stand-off  distances  listed 
in  Table  1.  Furthermore,  it  has  been  shown  that  electrolyte  coating 
properties  are  strongly  dependent  on  the  substrate  [36],  so  both  the 
LSM/YSZ  +  MG  2  and  the  MG  0.2  substrates  were  used  for  these 
tests. 

Fig.  7  shows  the  room  temperature  electrolyte  residual  stress  as 
a  function  of  torch  power  at  a  constant  stand-off  distance  of  90  mm, 
using  coating  deposition  conditions  of  G2,  G4,  and  G5  (Table  1). 
Fig.  8  shows  the  relationship  between  room  temperature  electro¬ 
lyte  residual  stress  and  stand-off  distance  with  a  constant  torch 
power  of  133  kW,  using  coating  conditions  Gl,  G2,  and  G3  (Table  1 ). 
The  magnitude  of  room  temperature  residual  stresses  in  the  elec¬ 
trolytes  ranged  from  35  to  91  MPa  on  both  substrates  with  the 
various  torch  power  and  stand-off  distance  combinations  (Table  1 ). 
As  previously  mentioned,  quenching  stress  is  always  tensile,  while 
thermal  mismatch  stress  can  be  tensile  or  compressive.  In  the 
present  case,  the  thermal  mismatch  stress  in  the  YSZ  layer  is 
compressive  because  the  CTE  of  YSZ  (10.5  ppm  K-1)  is  lower  than 
that  of  both  the  LSM/YSZ  cathode  (11.7  ppm  K-1)  and  the  430 
stainless  steel  substrate  (11.4  ppm  I<_1)  [37-39].  The  tensile  nature 
of  the  residual  stress  indicates  that  the  quenching  stress  compo¬ 
nent  is  larger  than  the  thermal  mismatch  stress  component.  This 
result  is  likely  partially  due  to  the  fairly  small  differences  between 
the  CTEs  of  the  three  cell  layers. 

The  magnitude  of  residual  stress  depends  in  part  on  the 
microstructural  attributes  of  the  coating.  Fig.  9  shows  sample  SEM 
images  of  the  G2  electrolytes  prior  to  and  after  high  temperature 
XRD  measurement  (the  results  from  high  temperature  XRD 
measurements  are  discussed  in  Section  3.3).  Three  categories  of 
microstructural  defects  are  present  in  the  electrolyte:  microcracks, 
small  pores,  and  vertical  or  segmentation  cracks,  as  indicated  by 
arrows  in  Fig.  9.  The  extent  to  which  all  three  defect  types  occur  can 
be  reduced,  though  not  always  independently  of  each  other,  by 
modifying  SPS  processing  parameters.  Microcracks  are  generated 
primarily  during  quenching  of  the  molten  splats  to  relieve  the 
tensile  stresses.  The  small  pores  are  formed  by  a  number  of 
mechanisms,  including  incomplete  penetration  of  molten  splats 
into  surface  crevices  and  the  inclusion  of  partially  melted  particles 
in  the  coating  [17,40].  The  segmentation  cracks  run  through  most  or 
all  of  the  coating  thickness,  and  they  also  form  to  relieve  tensile 
stress.  Many  previous  studies  have  identified  segmentation  cracks 
in  suspension  plasma  sprayed  coatings  [18,41-43].  The  microcracks 
and  small  pores  relax  stress  locally,  while  the  segmentation  cracks 
provide  stress  relief  for  larger  sections  of  the  coating. 


Table  2 

High  temperature  E  and  v  values  used  in  this  study  for  the  (531)  plane. 
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Fig.  7.  Room  temperature  electrolyte  residual  stress  as  a  function  of  torch  power  at 
a  constant  stand-off  distance  of  90  mm. 
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The  residual  stress  was  highest  in  the  electrolytes  produced 
with  a  torch  power  of  133  kW  compared  to  those  produced  at 
100  kW  and  162  kW,  on  both  substrates  (Fig.  7).  These  results  are 
partly  attributed  to  microstructural  changes  arising  with  varying 
torch  power.  Figs.  10  and  11  show  sample  SEM  micrographs  of 
electrolytes  on  the  MG  0.2  and  the  LSM/YSZ  +  MG  2  substrates, 
respectively.  Electrolyte  porosity  decreases  with  increasing  torch 
power,  as  the  100  kW  coatings  (Figs.  10a  and  11a)  appear  more 
porous  than  the  133  kW  (Figs.  10b  and  lib)  and  162  kW  (Figs.  lOe 
and  lie)  coatings.  With  lower  torch  powers,  the  plasma  enthalpy 
may  not  have  been  adequate  to  completely  melt  all  powder 
particles,  or  molten  droplets  may  have  resolidified  prior  to  impact. 
These  pores  relieve  stress,  and  therefore  the  100  kW  coatings 
showed  lower  levels  of  residual  stress  compared  to  the  higher 
torch  power  coatings.  As  torch  power  is  increased,  denser  coatings 
with  improved  inter-splat  adhesion  are  produced,  and  there  is  also 
higher  heat  flux  from  the  plasma  to  the  coating  and  substrate 
during  deposition.  Such  factors  have  previously  been  shown  to 
promote  the  formation  of  segmentation  cracks  in  SPS  coatings 
[36,41,43].  These  segmentation  cracks  provide  stress  relief  in  the 
coatings,  resulting  in  residual  stresses  levels  in  the  electrolytes 
that  are  smaller  than  the  tensile  fracture  strength  of  ~200  MPa  or 
bending  fracture  strength  of  ~350  MPa  of  free  standing  8  mol% 
YSZ  [44].  On  the  MG  0.2  substrates,  no  segmentation  cracks  were 
observed  in  the  coatings  fabricated  at  100  and  133  kW  plasma 
powers,  but  segmentation  cracks  are  visible  in  the  coatings  made 
at  162  kW  plasma  power.  Accordingly,  on  the  MG  0.2  substrates, 
the  133  kW  electrolytes  have  the  highest  residual  stress  because 
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Fig.  8.  Room  temperature  electrolyte  residual  stress  as  a  function  of  stand-off  distance 
during  fabrication  with  a  constant  torch  power  of  133  kW. 
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Fig.  9.  Sample  SEM  images  of  G2  electrolytes  on  the  LSM/YSZ  +  MG  2  substrates:  (a)  and  (b)  before  and  (c)  after  high-temperature  XRD  measurement. 


they  are  denser  than  the  100  kW  coatings  and  have  fewer 
segmentation  cracks  than  the  162  kW  coatings.  On  the  LSM/ 
YSZ  +  MG  2  substrates,  segmentation  cracks  are  visible  in  all  of 
the  coatings  examined,  although  the  frequency  and  severity  of 
these  cracks  increases  with  torch  power,  as  is  visible  in  Fig.  11  and 
has  been  previously  reported  with  these  spray  conditions  [36]. 
Therefore,  on  the  LSM/YSZ  +  MG  2  substrates,  it  is  believed  that 
the  more  severe  and  frequent  segmentation  cracks  in  the  162  kW 
coating  are  the  reason  for  its  lower  residual  stress  compared  to  the 
133  kW  coating. 

With  both  substrates,  residual  stress  was  highest  in  electrolytes 
made  at  a  stand-off  distance  of  90  mm  compared  with  the  70  mm 
and  120  mm  electrolytes  (Fig.  8).  Reducing  the  stand-off  distance 
had  a  similar  effect  as  increasing  the  torch  power  on  both  residual 
stress  and  microstructure.  Shorter  spray  distances  resulted  in 
denser  coatings  with  more  severe  segmentation  cracking  (Figs.  lOd 
and  lid)  compared  to  longer  spray  distances,  and  similar  micro- 
structural  trends  have  been  previously  reported  for  these  spray 
conditions  [36].  Increasing  the  spray  distance  had  a  similar  effect  as 
reducing  the  torch  power.  Longer  spray  distances  produce  coatings 
with  more  porosity  (Figs.  10c  and  11c)  because  the  molten  droplets 
are  cooler  (or  resolidified)  and  have  less  momentum  at  impact. 
Bacciochini  et  al.  [45]  have  also  reported  that  longer  stand-off 
distances  lead  to  coatings  with  more  porosity  and  reduced  inter¬ 
splat  adhesion.  From  the  above  analysis  and  the  observed  results, 
it  can  be  concluded  that  the  dependence  of  residual  stresses  on  the 
torch  power  and  stand-off  distance  is  similar,  but  in  a  reverse  order 
(i.e.,  a  higher  torch  power  has  a  similar  effect  as  a  shorter  stand-off 
distance,  and  vice  versa). 

The  electrolytes  on  the  LSM/YSZ  +  MG  2  and  the  MG  0.2 
substrates  show  similar  residual  stress  trends  with  varying  torch 
power  and  stand-off  distance.  However,  the  coatings  on  MG  0.2 
substrates  showed  comparatively  higher  residual  stress  with  all 
spray  conditions  except  the  133  kW  torch  power  and  90  mm  stand¬ 
off  distance  condition.  The  coatings  on  the  MG  0.2  substrates  had 


less  frequent  and  less  severe  segmentation  cracking  compared  to 
those  on  the  LSM/YSZ  +  MG  2  substrates,  which  may  be  partially 
responsible  for  the  higher  residual  stresses  in  the  MG  0.2  coatings. 
In  the  shortest  stand-off  distance  (Fig.  lOd)  and  highest  torch  power 
(Fig.  lOe)  electrolytes  on  MG  0.2  substrates,  the  vertical  cracks 
generally  did  not  penetrate  through  the  entire  coating  thickness.  In 
contrast,  the  vertical  cracks  in  the  comparable  coatings  on  the  LSM/ 
YSZ  +  MG  2  substrates  (Fig.  lie  and  d)  penetrated  through  the 
entire  electrolyte  thickness  and  occasionally  into  the  cathode  layer. 
Furthermore,  the  electrolytes  on  the  MG  0.2  substrates  are  less 
porous  than  those  on  the  relatively  rougher  LSM/YSZ  +  MG  2 
substrates  because  the  surface  asperities  increase  porosity  [36].  As 
pores  provide  stress  relief,  the  lower  porosity  of  the  electrolytes  on 
the  MG  0.2  substrates  may  also  be  partially  responsible  for  their 
higher  residual  stress  compared  to  those  on  the  LSM/YSZ  +  MG  2 
substrates.  These  results  indicate  that  coating  microstructure  and 
residual  stress  are  affected  by  the  substrate  characteristics  as  well 
as  by  the  process  conditions. 

3.3.  Temperature -dependent  residual  stress 

Fig.  12  shows  the  residual  stress  as  a  function  of  temperature  of 
the  G2  electrolyte  on  the  LSM/YSZ  +  MG  2  substrates  (Table  1).  At 
room  temperature,  the  residual  stress  was  tensile,  with  a  value  of 
approximately  90  MPa.  The  tensile  residual  stress  decreased  with 
increasing  temperature.  At  a  typical  SOFC  operating  temperature  of 
750  °C,  the  residual  stress  of  the  electrolyte  was  approximately 
39  MPa. 

Several  mechanisms  may  be  associated  with  the  observed 
changes  in  residual  stresses  at  elevated  temperatures  shown  in 
Fig.  12.  These  factors  include  changes  in  the  Young’s  modulus  of  the 
electrolyte  material,  the  potential  formation  of  microcracks,  and 
changes  in  thermal  expansion  mismatch  between  layers.  First,  the 
Young’s  modulus  of  YSZ  decreases  with  increasing  temperature,  as 
shown  in  Table  2.  This  decrease  would  therefore  reduce  its  residual 
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Fig.  10.  SEM  cross-section  images  of  electrolytes  on  MG  0.2  substrates  with  spray  conditions:  (a)  100  kW,  90  mm,  (b)  133  kW,  90  mm,  (c)  133  kW,  120  mm,  (d)  133  kW,  70  mm,  and 
(e)  162  kW,  90  mm. 


stress  with  increasing  temperature.  Second,  it  is  possible  that  the 
increase  in  temperature  may  have  resulted  in  the  formation  of 
additional  microcracks.  Teixeira  etal  [46]  reported  that  stress  relief 
at  elevated  temperature  in  zirconia  TBC  coatings  can  occur  by 
microcrack  formation.  However,  it  is  difficult  to  determine  whether 
additional  microcracks  formed  in  the  present  study,  as  the  micro¬ 
structures  looked  similar  in  coatings  examined  both  before  and 
after  the  high-temperature  stress  determination.  Third,  increasing 
the  temperature  from  room  temperature  to  750  °C  would  change 
the  thermal  expansion  mismatch  between  the  electrolyte,  cathode 
and  stainless  steel  support.  Church  et  al  [47]  showed  that  the  CTEs 
of  both  430  stainless  steel  and  YSZ  increase  with  temperature. 
However,  the  CTE  of  the  steel  exhibits  a  steeper  increase  than  that 
of  YSZ,  which  would  increase  tensile  stress  in  the  electrolyte  during 
heating. 

Another  potential  stress  relief  mechanism  at  higher  tempera¬ 
tures  is  the  occurrence  of  creep  deformation  of  the  porous  stainless 
steel  support.  Creep  becomes  relevant  in  materials  at  temperatures 
near  half  of  their  melting  point  (in  Kelvin)  [10].  The  melting  of  430 
stainless  steel  is  reported  to  begin  at  1427  °C  [48].  Creep  may 
therefore  be  expected  to  occur  when  the  test  temperature  is 
above  ~  600  °C.  Indeed,  as  pointed  out  by  Liu  et  al  [  10]  the  potential 
creep  deformation  of  the  SOFC  support  structure  should  not  be 


neglected  at  typical  cell  operating  temperatures  of  650-800  °C. 
While  the  creep  behavior  of  430  stainless  steel  is  not  available  in 
the  open  literature  [10],  creeping  of  steel  supports  could  have 
contributed  to  the  reduction  in  residual  stress  in  the  electrolyte 
layer  at  750  °C.  However,  creep  is  a  time-dependent  phenomenon, 
and  in  the  present  study,  the  samples  were  only  held  at  750  °C  for 
approximately  2  h.  Further  analysis  would  be  required  in  order  to 
identify  the  potential  contribution  of  creep  toward  the  decrease  in 
residual  stress  at  this  temperature.  Considering  all  factors,  the 
decrease  of  the  residual  stress  with  increasing  temperature  (Fig.  12) 
is  a  consequence  of  the  combined  changes  in  the  Young’s  modulus 
and  thermal  expansion  mismatch,  and  may  have  also  been  partially 
due  to  formation  of  microcracks  in  the  electrolyte  and  creep 
deformation  in  the  porous  stainless  steel  substrate. 

These  electrolyte  coatings  are  still  under  development  to 
improve  their  suitability  for  SOFCs.  By  a  combination  of  measures,  it 
is  hoped  to  further  improve  coating  density  while  at  the  same  time 
reducing  or  eliminating  segmentation  cracking.  It  is  known  that 
electrolytes  made  by  plasma  spraying  do  not  yet  perform  as  well  as 
those  made  by  conventional  wet  ceramic  methods.  Nonetheless, 
plasma  spraying  is  a  promising  fabrication  method  for  SOFCs 
because  it  permits  direct  deposition  of  the  functional  layers  on 
metal  supports  and  may  offer  cost  advantages  over  conventional 
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Fig.  11.  SEM  cross-section  images  of  electrolytes  on  the  LSM/YSZ  +  MG  2  substrate,  (a)  100  kW,  90  mm,  (b)  133  kW,  90  mm,  (c)  133  kW,  120  mm,  (d)  133  kW,  70  mm,  and  (e) 
162  kW,  90  mm. 


fabrication  methods.  The  results  of  the  present  study  aid  this 
development  process  with  useful  information  for  further  under¬ 
standing  mechanical  properties  such  as  flexural  strength,  fracture 
toughness  and  adhesion  strength. 
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Fig.  12.  Temperature  dependent  residual  stress  in  the  G2  electrolytes  on  the  LSM/ 
YSZ  +  MG  2  substrates. 


4.  Conclusions 

Residual  stresses  at  room  and  elevated  temperatures  were 
evaluated  in  SOFC  electrolyte  coatings  made  by  SPS  on  two 
different  substrates  using  a  variety  of  processing  conditions.  At 
room  temperature,  residual  stresses  were  tensile  and  ranged  from 
35  to  91  MPa,  depending  on  which  processing  conditions  and 
substrate  were  used.  Of  the  deposition  conditions  studied,  the 
coating  made  with  the  intermediate  torch  power  of  133  kW  and 
intermediate  stand-off  distance  of  90  mm  exhibited  the  highest 
residual  stress.  This  coating  had  a  relatively  dense  microstructure 
with  relatively  small  amount  of  vertical  cracking.  With  lower  torch 
powers  and  longer  stand-off  distances,  the  resulting  electrolytes 
were  more  porous,  while  with  higher  torch  powers  and  shorter 
stand-off  distances,  the  electrolytes  had  more  severe  vertical 
cracking.  In  the  electrolyte  made  with  a  torch  power  of  133  kW  and 
a  stand-off  distance  of  90  mm,  residual  stress  decreased  to 
approximately  39  MPa  when  the  temperature  was  increased  step¬ 
wise  from  room  temperature  to  750  °C.  The  decrease  of  residual 
stress  with  increasing  temperature  is  associated  with  several 
factors,  including  changes  in  Young’s  modulus  and  thermal 
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expansion  mismatch,  and  also  potentially  the  formation  of  micro¬ 
cracks  and  possible  creep  of  the  porous  stainless  steel  substrate. 
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